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ABSTRACT 

This constitutes the report of the working group 
on symmetry violations and rare decays. The next 
generation of CP violating kaon decay experiments 
(the 2x and nOe+e- modes) were considered at the 
Tevatron and at the proposed Main Injector, 
effectively building upon the work of the earlier 
Fermilab Workshop on Physics at the Main Injector. 
The optimizations for the electromagnetic calorimeter 
and for background rejection are treated in some 
detail. Very precise CPT tests in the 2~ decay modes 
are also treated. A sensitive experiment looking for 
flavor violation at the Main Injector (KL+ pe) is 
discussed. The significant advantages of possible 
stretcher and prebooster rings are mentioned. 



2 

1. INTRODUCTION 
This group considered a variety of physics issues which are 

accessible with very intense kaon beams. Beams at the Tevatron 
were considered, along with new beams at the proposed Main 
Injector which offer substantially increased opportunities. We first 
treat the next generation of experiments of CP and CPT symmetry 
tests with the two-pion decays of the neutral kaon. Next we discuss 
in some detail possibilities for observing direct CP violation in other 
modes, notably in K~+nu e+e-. After a brief discussion of a KL-tue 

search, we close with a mention of possible future upgrades. 

2. NEW MEASUREMENTS OF E’/E AND CPT TESTS 
2.1. The 27t Decay Modes: E’/E Determination 

As is well known, the determination of E’/E is accomplished 

with precision measurements of the following four decay modes: 

KS -+ noxu, (1) 
KL + nun” 9 (2) 

KS + rc+n-, (3) 
KL + x+ n-, (4) 

Then, by forming the double ratio: 

R = (1)/(2)/L(3)/(4)] = 1 + 6 Re(e’/e) (5) 

one can extract the value of El/E. 
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The situation regarding current measurements of this 
quantity is shown in the following Table (in units of 10-4): 

Table 1. Recent Measurements of Re (E’/E) 

Experiment 

BNL-YALE 

Chicago- 
Saclay 

E731 Test 

NA31 

E73 1 

Result 

+I7 

-46 

Statistical 
Error 

72 

53 

Systematic 
Error 

43 

24 

Combined 
Error 

83 

58 

+32 28 12 30 

+33 7 8 11 

-5 14 6 15 

where the last entry is the latest (preliminary) result from a 20% 
analysis of the Fermilab E731 data set. It is seen that E731 does not 
confirm the CERN NA31 experiment which claimed significant 
evidence of direct CP violation for the first time. 

How might this situation evolve? Clearly motivation for an 
improved experiment must wait on the full analysis of the E731 
data set: the discrepancy with NA31 is at the 20 level now, but if 
the E731 result remains consistent with zero with the full data set, 
then the Superweak hypothesis will be very much viable and the 
Standard Model will remain unconfirmed. 

We first consider what could be done further at the Tevatron, 
based upon the E731 experience. 

An upgrade to E731 could certainly collect the statistics for a 
much improved determination. However, the crucial factor will be 
systematic uncertainty. In the following Table, we list the major 
sources of uncertainty and an estimate of the possible 
improvements attainable at the Tevatron. 
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Table 2. Systematic Uncertainties [%] in the Double Ratio R 

Effect E73 1 

Charged Background 

Neutral Background 

Neutral Non-linearity 

Acceptance 

Regenerator 
Scattering 

0.06 

0.07 

0.20 

0.25 

0.16 

Systematic 
Total 

0.37 

Statistical Error 0.84 

E’/E Statistical 
Error [lo-41 

1445 

E’/E Systematic 
Error [ 10m4] 

6 +4 

E73 1 
Uoarade 

0.01 

Main Injector 

0.04 

0.10 

0.08 

0.05 

0.01 

0.01 

0.01 

0.01 

0.02 0.14 

0.12 

2 

2 

0.03 

0.5 

0.3 

The presently reported sample of E731 data has a statistical 
(systematic) accuracy of 14 (6) in units of 10-4. With the data in 
hand, these should be reduced to 5 (4). We will comment on the 
various table entries relevant towards a future Tevatron Upgrade. 

Charged Background. The background in the charged mode is 
largely the semileptonic nev K, decay. The associated systematic 

uncertainty can be reduced by a factor of 6 by further rejecting this 
background. This will be accomplished with the transition radiation 
detectors (TRDs) which are being constructed for Fermilab E799. 
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Neutral Background. The neutral background results from 
mis-reconstr I cted 3x0 decays which fake 2x0 ones. The 

uncertainty ;t: sociated with this background can be somewhat 
reduced with ,he addition of a finer celled calorimeter (as will be 
done for E7Y!‘) in the central region of the detector: the major 
background arises from so-called “fusion events” where two 
photons are to, close in the lead-glass array to resolve. 

Neutral Non-linearity. This systematic uncertainty results 
from an incomplete understanding of the response of the lead-glass, 
in particular of its energy dependence. With the replacement of the 
glass with BaF2 in the central region, this uncertainty will be 
reduced; BaFa is more linear. Additionally, it is thought that this 
uncertainty can be reduced with more study of the present data. 

Acceptuxce. The estimated acceptance uncertainties for E731 
are conservative and in fact they can probably be reduced 
significantly with a little more work. It is estimated that in a new 
Tevatron experiment, this systematic uncertainty will come down 
by a factor of about 3. 

Regenerator Scattering. In E731, Ks and KL decays to 2x0 are 

simultaneously collected by means of a double KL beam in one of 
which a regenerator is placed. The two decays are distinguished 
with the “center-of-energy” in the calorimeter. However, there is a 
significant amount of scattering from the regenerator so that events 
which originate in that beam can be found in the vacuum beam. In 
principal, this effect can be determined from the distribution of the 
scattered events in the charged mode (where the scattering angle is 
measured), but a small residual uncertainty remains. This can be 
reduced with the use of a totally active regenerator (made of 
scintillator) which will be employed for Fermilab E773. 

Statistical Precision. The achievement of a statistical precision 
of 2x10-4 in E’/E will require the collection of about 2x10s K~-t2rrO 
decays or about 6 times that collected in E731. This is achievable 
with a slight increase in intensity and with more sophisticated 
trigger processors. Such a processor for charged decays will be 
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employed in I:773 and very likely one for neutral decays will be 
used for the scond phase of E799. 

Such a Tevatron experiment could probably be performed in 
the 1992/1993 period; it would have a precision of about 3~10~~ 
(perhaps even better) and as such would be able to “establish” 
direct CP violation if E’/E is larger than 0.001 as is likely in the 

Standard Model. If even this experiment produces a null result, 
then to make additional progress we must go to a much more 
intense kaon beam. Here we consider that which would be 
provided by the proposed new Main Injector for Fermilab. The 
possibilities in this direction have been treated in Ref. 1. There is 
the capability of achieving a branching ratio sensitivity on the 
order of lo-10 per hour of running, using the full proton flux and a 
beam of about 36 ustr. Such a configuration will be necessary for 
the studies of rare decays with sensitivities in the range of 10~‘~; 
however for the following generation experiment measuring E’/& , 

considerably less flux is required and so smaller beams can be 
employed. 

2.2. E’/E at the Main Injector 
2.2.1. Technique and statistics. We set as our goal the improvement 
of another factor of about 5 over the upgraded Tevatron 
experiment, namely to reach a statistical precision of 5x10-5 with a 
substantially smaller systematic uncertainty. We consider the 
following variation on the double beam technique of E731. With a 
thin regenerator in a pure KL beam, the outgoing amplitude will be 
given by KL t pKs where p is the regeneration amplitude. We 
choose p = 1.5n so that, in the first 3 lifetimes downstream of the 
regenerator (region A) the 2x decay rate is dominated by Ks decays 

while in the next three lifetimes (region B) KL decays dominate. 
Then, by measuring decays from both modes (x+x- and 2x0) and in 
both regions, the double ratio (5) can be formed and E’/E extracted. 

The uncertainty due to regenerator scattering can be greatly 
reduced (see Table 2) with the smaller beams and thinner 



regenerator. A much more linear calorimeter is required and it 
appears that BaFa will have the required characteristics as will be 
discussed later~ In Figures 1 and 2 are shown a possible layout of 
the beam line and detector and of the electromagnetic calorimeter. 

It may be possible to determine the acceptance variation for 
both modes by means of Monte Carlo. However, by measuring 
decays at analogous lifetimes (Region C and Region D) in a nearly 
parallel identical beam, the acceptance can be directly determined 
thereby eliminating this as a source of uncertainty. The flux at the 
Main Injector .tllows this technique to work. In the following Table, 
we give the fluxes and decay rates for this configuration. 

Table 3. Fluxes and Rates for an E’/E Experiment at the Main 
Injector 

Proton Flux 3x10’3 per spill 
Kaon Flux 16 MHz 
Neutron Flux 14 MHz 
Kaon decays [20 m decay region] 0.9 MHz 

Accepted KL --f 2rru/hour 

Region A 
Regioil B 
Regiou C 
Region D 
Precision/hour 
Hours/0.03% precision 

40K 
13K 
13K 
13K 
1.6% 
2800 

We note that this configuration uses the anticipated full flux of the 
Main Injector but that the kaon intensity is not at its maximum 
because of the small beam size. The intensity in the beam will 
allow the insc,.rtion of the thin regenerator without too much load 
on the apparatus. 

The mean accepted kaon momentum will be about 20 GeV so 
that the three lifetime region will correspond to approximately a 
3 m region. For this configuration, the acceptance is about 30% for 
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the 2x0 decay mode and the entire statistics of E731 could be 
obtained in a one day run. 

2.2.2. Trigger and data acouisition. Assuming two 1” x 1” kaon 
beams, one expects -1 MHz of kaon decays in a 20 m decay volume. 
We would then expect a (deadtimeless) yield of -75 Hz “good” rc%t’J 
decays and -400 Hz “good” X:+X- decays from KL and Ks together 
with kaon momentum between 15 to 50 GeV in a 8 m decay 
volume. This is almost a 100 fold increase in yield compared with 
E731. 

The expected raw trigger rate using the current E731 trigger 
would give -100 kHz for the r&r0 mode (requiring 4 distinct photon 

clusters and a 10 GeV total energy threshold in the electromagnetic 
calorimeter) and -700 kHz for rc+n- mode (requiring two non-muon 
tracks in the hodoscope banks and wire chambers). Further trigger 
reductions are crucial to give a reasonable event rate to “tape”. On- 
line processors (such as a cluster finder and track finder), electron 
rejection from TRDs and E/p cut based on the matched track and 
electromagnetic cluster, etc., will be needed to cut the trigger rate 
down by a factor of a few hundred. We anticipate reaching a 
trigger rate of 500 (1500) Hz for the xulcu ( rcE+x-) mode. This is 

possible, but quite challenging. 
The proposed final event rate is 2 2 kHz to “tape”. Assuming 

1.5 kByte per event, it will require writing more than 3 MByte/s 
onto either high density “tape” or “disk”. Therefore, an advanced 
data acquisition system and fast, large data storage devices and 
drivers are required to handle the expected high data rate. 

2.2.3. Electromagnetic calorimeter. Future kaon experiments at 
high intensities place a set of stringent requirements on 
electromagnetic calorimeters: 

Fasr timing. The expected high rate will result in accidental 
overlaps that limit sensitivities of some rare kaon decays and 
contribute to systematics in precision measurements such as the 
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measurement nf E’/E. Both the pulse width and the time resolution 

of the leading edge must be small (a few lo’s of ns for the former 
and 1 ns or less for the latter). 

Radiation hardness. The calorimeter should withstand 
radiation level I of order 104 rad without appreciable degradation 
of performance. 

Good resolution. In some rare decays, good resolution is 
essential in effective background rejection; also, the calibration of 
energy scale to less than 0.1% (e.g. for the measurement of E’/E) 
requires that the energy resolution be a few % or less for typical 
electromagnetic showers. 

High drnsity. Two nearby showers that cannot be separated 
can become a major source of background in such decay modes as 
2x0 and ncyy. ‘Thus the transverse size of the shower (namely the 
Moliere radius of the material) must be small (a few cm or less). 

Stability. The response should not have strong dependences 
on temperature and rate. 

The timing requirement excludes BGO (decay time 300 ns) 
and CsI(T1) (decay time 1 us). Also, these crystals do not pass the 
requirements for radiation hardness. Scintillating glasses tend to 
have respectable resolutions; their radiation length, however, is 
typically 4 cm and the transverse shower size is accordingly large. 
Gas sampling type calorimeters are not suitable due to their poor 
resolutions. Thus, we have selected pure CsI, BaF2, PbF2, and lead- 
scintillating fiber as candidates to be studied. 

CsI(pure). The scintillation has fast components (10ns and 
30ns) and a slow component (a few us)2). The fast emission is at 

305 nm and phototubes with UV glass windows can be used 
instead of more expensive ones with quartz windows. The slow 
component is quite sensitive to heat and mechanical shock as well 
as to impurities. The fast component is more stable; the 
temperature Jependence of the light output, however, is quite 
large (1.5%/degree)3). The radiation hardness is on the borderline 
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of being acceptablesl, but the fast component may not be fast 
enough in a high-rate environment. 

BaF2. The emission spectrum has fast components at 195 nm 
and 220 nm with a decay time of 0.6 ns and a slow component at 
300 nm with a decay time of 600 ns4). The light output of the slow 
component is 5 to 10 times larger than the fast component; thus, it 
has to be suppressed in order to operate at a high counting rate. 
Several methods have been tried: 

a) Coupling with TMAEs). It is difficult to cover a large 
area without dead regions with this scheme. 

b) Solar-blind phototubes). A Cs-Te photocathode has its 
sensitivity only in the UV region. The slow component is reduced 
by about factor of 7, which is probably enough for our case. 

c) La3+ doping7). This method is quite new and the 
technique to make long crystals with uniform doping has not been 
perfected at present. 

d) UV bandpass filter. The transmission at peak is 
typically 30%, and FWHM is about 40 nm. When light yield is not a 
problem, this could be a viable option (e.g. combined with a solar- 
blind phototube.). 

The crystal is quite expensive and the short wave length of 
the fast component requires phototubes with quartz windows. BaF2 
is, however, remarkably resistant against radiation (up to 107 
rad)s). 

PbF2. This material has been recently rediscovered as a 
promising Cerenkov radiators). It is very dense (7.7 glcms) and 
accordingly the radiation length is short (0.95 cm). The Moliere 
radius is 2.2 cm, but the apparent transverse shower size is even 
shorter by about 25% since the Cerenkov light is emitted less in the 
tails of the shower with respect to dE/dx energy deposition. The 
technique to manufacture pure and transparent crystals has not 
been established yet but seems to be a matter of commitment 
rather than of technical difficulties. Compared with lead-glass (F-2 
with filter), the light output of PbF, is about 3 times larger. This is 
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partly due to ihe wider bandwidth and to the fact that it does not 
require any filter, since the cutoff of borosilicate window of 
phototube is expected to provide the equivalent function. Thus, if 
the transparency of PbF2 crystal can be made 1% per radiation 
length or less, then energy resolution of 30/o/& seems attainable. 
The radiation hardness of the material is not established, but with 
less pure samples, the results seem promisingg). 

Lead-scintillating fiber. Recently, energy resolutions of 
6%/& have been reported for a lead block with scintillating fibers 
embedded 10). The module is inexpensive (- $0.4/cm2Xo), and can 
be fabricated into various shapes. The response, however, strongly 
depends on the incident angle of particles (especially photons) with 
respect to the fiber direction. Also, the resolution reported is not 
adequate even though it is quite respectable. We have simulated a 
module using EGS4 to see if the geometry can be further optimized 
for better resolutions. Figure 3 shows the result: the larger the 
fiber fraction by volume and the smaller the fiber diameter, the 
better the resolution becomes. Also, the honeycomb geometry 
gives about 6% better resolution than square geometry for a given 
fiber radius and fiber fraction by volume. The best reasonably 
obtainable resolution is about 5%/-& which still is not good enough 
as a main calorimeter for the next generation of kaon experiments. 
The low cost and geometrical flexibility, however, make it a good 
candidate for photon vetoes. 

The properties of the candidates are summarized in Table 4; 
lead-glass (F-2) is also included for comparison. It seems that PbFz 
and BaF2 are the most desirable candidates, while CsI (pure) could 
be viable if the temperature dependence can be controlled and the 
rate is not very high (accidental pile-up effect and radiation 
damage). 
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Table 4. 
Comparison of Electromagnetic Calorimeters 

attenuation attenuation 
Per x06(%) Per x06(%) 3 3 - - I(?) I(?) <l <l -1 -1 

radiation radiation 
damafyz @ damafyz @ 

bd) bd) 
104 104 > > 106 106 107 107 104 104 - - 105 105 

Price Price 
$/cm2 Xg $/cm2 Xg 1 1 2 2 12 12 5 5 

Pb-SciF 
50% fibe 

lmm m 

l-2 

5 

-1 

15 - 106 

0.4 
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2.3. The 2n Decay Modes: CPT Test 

The Kc system gives the possibility of separately measuring 
CP, T and CPT violating amplitudes. Very high statistical precision 
is required, together with tight control of systematic errors. With 
current detector technology this is only possible with separated 
beams of KL and either regenerated or target Ks. The measurable 
parameters, and their relationship to the theoretical amplitudes, are 
discussed below. A brief discussion is given of a possible 
experiment to achieve the desired precision. 

In the decay of a neutral kaon to two pions all of the physics 
is embodied in the two complex parameters n+- and ~00, the ratio of 
the decay amplitudes for a KL and Ks to X+X- and x0x0. These 
parameters are related to the CP, T and CPT violating amplitudes as 
follows: 

q+. = (E - 6) + (a + &‘)I[(1 + w) (1 + a(e + S))l (6) 

where 
q00 = (e - 6) + (a - 2 e’)/[(l - 20) (1 + a (E + S))] (7) 

E and 6 are T and CPT violating amplitudes, respectively, in 
the mass matrix (IASI = 2). 

a is a CP and CPT violating (T conserving) term in the I = 0 
decay amplitude (IA.91 = 1). 
E’ has contributions from T conserving (CPT and CP violating) 
and CPT conserving (CP and T violating) terms in the I = 2 
decay amplitude (IASI = 1). 
w is the ratio of the IA11 = 3/2 to IAII = l/2 decay amplitude, 

and is (dominantly) CP, T and CPT conserving. 
Under CPT conservation, with which all experimental evidence is in 
agreement, a = 6 = 0, and ?l+- = E + E’; ~00 = E - 2~ ‘. Moreover, o’, the 
phase of E’, is then predicted from measured rrx phase shifts to be 
about 450, in good agreement with the phase of E given by: 
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$J& = tan-1 (2 Aml(ys - ye)) = 43.7O + 0.20 (8) 

Thus, the phases of n+- and r-too should both be equal to this value. 

Using KL and Ks beams it is highly desirable to make high 
precision measurements of the double ratio R and of I$+- and oao, the 
phases of q+- and ~00 respectively. These measurements are 
sensitive to different combinations of CP and CPT violating 
amplitudes, and enable rigorous consistency checks to be made. If 
R is found to differ significantly from unity (for example by 1%) it 
is still important to investigate its origin and to check whether o’ is 
close to 450: a measurement of A@ to 0.10 will enable I$’ to be 
measured with a precision of 100. Similarly, if R is consistent with 
unity, the check that A@ is consistent with zero is important, and the 
measurement of $I+- becomes particularly so in looking for CPT 

vioaltion or investigating the possible cancellation of CP and CPT 
violating amplitudes. 

A high precision measurement of the phase angle @+- and the 
difference A@ = Cp+- - $00 would involve a similar experimental 
arrangement to that considered for the measurement of E’/E. The 

phase measurement would be done in two parts. First, beams of Ks 
and KL would be used in conjunction with a thin radiator to 
measure the phase angle $I = 4 IIZ - Qp, and secondly, semileptonic 

decays would be used in conjunction with a thick regenerator to 
measure the regeneration phase angle op, together with the 
parameters Am and ys to the necessary, increased precision. 

a) &L -+ rrn: Measurement of 6 nn=&,. Two identical KL beams 
are used, with a thin regenerator switching from one beam to the 
other. The configuration is the same as described for the E’/E 

determination. Normalization is effected by comparing decay rates 
at time t with and without the regenerator. With time in units of rs, 

the regeneration may be written: 

R(t) =[I + Ip/nl2 e-t+ 2lp/ql e-t/2 cos (Am t - I$)] (9) 
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To measure @ to 0.10 requires Ip/nl to be fitted to about one part in 
103, with a similar accuracy in the knowledge of Am and in the time 

(momentum) scale. 
The optimum value for I~/nl is about 1, therefore a few million 

n+n- and rrnna decays are sufficient to give a statistical accuracy of 
0.10 on the measurement of I$ = I$ 1111 - I$,,, and A$ = I$+- - @a~. 

b) Kt + rr*eteTv: measurement of Qp. In order to maximize the 
difference in decay rate to electrons and positrons a thick 
regenerator (2 interaction lengths corresponding to Ipl = 0.05) is 
used in conjunction with two identical KL beams. 

Assuming AS = AQ in the decay, the rates to e+ and e- are: 

R(+)t= (1 k 2~) [l + Ipl2 e-r +2lple-t/2 cos(Am t - r&J] (10) 

Hence a time dependent asymmetry may be defined 

A(t) = R(+) -W--j = 
& + bit?? cos(Am - (5,) 1 R(+) + JK-1 1+b re-1 

(11) 

where terms of order lple have been ignored. 
To measure oP to 0.10 implies determining p to one part in 

103, with similar accuracy in Am and in the time scale. It is also 
necessary to improve the measurement of E somewhat beyond its 
present value of 3%. To gain the required statistical accuracy, a few 
hundred million KL decays to e+ and e- must be identified. 

It may be that the systematic errors are better controlled by 
using a thick radiator in each of the two KL beams, but separated 
along the beam direction by about 3 zS (corresponding to Am = 
900). This idea, to be used in E773, has less sensitivity to Ipl and 
maximizes sensitivity to I&,. 



16 

3. SEARCHING FOR KL+naee 

The purpose of this section is to examine the feasibility of 
measuring direct CP violation in the decay KL-tnaee. The current 

experimental upper limits on the branching ratio for this decay are 
at the level of 10-s tt). The Standard Model predicts that this decay 
should occur at a branching ratio of about 10-11. Of course, there is 
also the possibility of discovering “new physics”, should this decay 
be observed at a branching ratio above the Standard Model 
prediction, 

3.1. Experimental Strategies 
In principle there are several ways in which CP violation 

could be observed in KL-+rreee. Perhaps the best way would be to 
measure KL- Ks interference as a function of proper time. The 
advantages of this method are first, that the presence of 
interference is an unambiguous signature of CP violation, and 
second, that one obtains information on both the magnitude and 
phase of the direct CP violating amplitude. Unfortunately, an 
interference experiment is more difficult than either a pure KL or a 
pure Ks experiment, for reasons that we explain below. 

One of the most difficult backgrounds to KL~ x Oee is an 
accidental coincidence between the decay KL+nev, where the pion is 
mis-identified as an electron, and a ~0. In a pure KL beam, the main 
sources of accidental ~0’s are KL+xWW and KL+R+~c-TC~. In both 
cases there are extra particles that can be used to veto the event. 
Making the veto system as hermetic as possible will be an 
important strategy in reducing this background. In the 
interference region, there are the following additional sources of 
no’s: Ks-+&O~ A+&, and, Z%hnn. In the last two cases there will 

be no extra particles to veto on when, as is likely, the final state 
neutral baryons go down the beam hole. Also, an interference 
experiment can expect higher rates generally because it must be 
closer to the production target. 



In view of the above difficulties, we are going to concentrate 
on the two experiment method of measuring direct CP violation. 
That is, one measures the branching ratios for Ks-t x nee and 
K~+nuee in separate experiments and looks for a deviation from 
purely indirect CP violation. 

3.2. Theoretical Expectations 
3.2.1. The CP violatine contribution to Kt -+rruee The decay mode 
KL-f rr see is CP violating in lowest order (i.e. through a single 
intermediate photon). As with KL-+ rrrr, K~+neee is predicted to 
receive contributions from both indirect and direct CP violation. 
Unlike K~+nrr, the direct contribution to KL+nnee is predicted to be 
comparable to the indirect contribution. Furthermore, the direct 
contribution to K~+rrnee is predominantly a short distance 
phenomenon, and therefore calculable without large theoretical 
uncertainties. 

The contribution to KL-+rrnee from indirect CP violation is 
given by T(KL-+rrnee) = 1~12 T(Ks--+xuee) where 1~1 = 2.3 x 10-3 as 
measured in KO-+rrrr. The rate for Ks-tnnee is not known. We can, 
however, get an order of magnitude estimate from the measured 
rate for K++n+ee. If T(Kstxnee) = r(K+-trr+ee) then B(KL+rrcee) = 
6 x 10-12. The rate for Ks+neee has been predicted to be 0.25 or 
2.5 times the rate for K++rc+eelz). 

The contribution of direct CP violation to KL+ Gee has been 
calculated by several theoretical groupsr%t4). The authors of Ref. 
14 have pointed out that for large top quark mass, purely weak 
processes are important, and that for sufficiently heavy top are 
even the dominant contribution to the direct CP violation 
amplitude. The predicted branching ratio for K~--+nOee, including 
indirect CP violation ist4) 

B(K; + ,%e) = (12) 
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The fi term represents the contribution from indirect CP violation 
where 8 = A(Kt+anee)/A(K+-+n+ee). The parameter 5 is related to 
direct CP violation in K~+nx (5 = 0 if I E’/E I = 0). The cTv and c7, 
terms are the contributions from direct CP violation via effective 
vector and axial-vector couplings to the electron pair. The single 
photon contribution is contained in c,v. The values of c,, and ETA 

depend on the mass of the top quark as shown in Table 5. The 
~2~3~6 factor represents the product of the Kobayashi-Maskawa 

mixing angles. 

Table 5. CTv and CT, as a Function of Top Quark Mass. 

mt/GeV) =lY 5. 

50 -0.32 0.10 
100 -0.46 0.30 
150 -0.54 0.57 
200 -0.62 0.89 

3.2.2. The CP conserving contribution to Kt +neee. In addition to the 
CP violating contributions to KL-+znee, there is a CP conserving 
contribution that proceeds through a two-photon intermediate state 
(i.e. KL+nnyY--+rruee). Unfortunately, theory can not at the present 
time make a reliable prediction of the size of the CP conserving 
two-photon process. The problem is due to uncertainty in the 
relative magnitudes of the S-wave and D-wave amplitudes (also 
called the A and B amplitudes) for K~-+rruyy. The conversion yy --f ee 
is helicity suppressed for the S-wave, but not for the D-wave term. 
Only the D-wave (or B) term can make a significant contribution to 
KL-+ncee. 

The B term is higher order in chiral perturbation theory than 

the A term. Although the relative magnitudes of the A and B terms 
are not fixed in chiral perturbation theory, dimensional analysis 
suggests that the B term should be small compared to the A term, 

in which case the CP conserving rate for KL+ xaee would be 
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negligible in comparison to the CP violating ratets). On the other 
hand, vector meson dominance models predict that the A and B 
terms should be approximately equal in magnitudet6,17). If these 
models are correct, then the CP conserving contribution to KL-+xnee 

could be comparable to the CP violating contributions. Ultimately, 
the size of the D-wave contribution to K~+rrOyy will have to be 
determined experimentally. Should it turn out that the CP 
conserving contribution to KL-trrnee is significant, all is not lost. 
Since the CP conserving and CP violating final states have different 
quantum numbers, it should be possible to separate their 
contributions by analyzing the Dalitz plot”). 

3.3. Discussion of Experimental Sensitivities. 
In this section we evaluate numerically the feasibility of 

discovering direct CP violation by the two experimental methods. 
We optimistically assume that the CP conserving contribution to 
KL+xeee is negligible. The branching ratio for KL-+rraee is given by 
Eq. 12, which is evaluated assuming 5 = 0 and s2s3sg = 10-s. 

= (0.58ri’ + 1.07& + c?‘, + ~;z))xlO-l’ 

The branching ratio for Ks + xaee is given by 

B(Ks” --f &e) = B(K+ + n++P 
z X’ 

(13) 

(14) 

= 1.9x10-9F (16) 

A positive result would require a non-zero value for a quantity, AB, 
which is the difference between the actual branching ratio for 
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KL+ rrcee and the branching ratio that would be predicted from 
state mixing only. 

Afl=BB(Ki -3 j-Pee)-lerkB(K,O -+ z’ee) 
5; 

(17) 

=B(Ki + #t-e)-O.O03B(K,O + 7c’ee) 
(18) 

Suppose that KL and Ks experiments are performed with single 
event sensitivities of Ss and SL respectively. The number of events 
detected in the two experiments will be 

rl, = 
B(Ki + #ee) 

ss 
(19) 

and 

rl, = 
B(Ki + n’ee) 

& (20) 

The size of the direct CP violation signal (Eq. 18) will be 

AB = s,n, - o.o03s,n, 
(21) 

The statistical error associated with AB is 

0, =[s,*n,+(9xlo")s,"n,]l (22) 

=[B(K,O + n"ee)SL+(9x10")B(K,0 --f z”ee)Ss]i (23) 

The statistical significance of the result, expressed as the number of 
standard deviations by which AB differs from zero (no), is given by 

the ratio of Equations 18 and 23 



n = IB(Ki -+ 7r”ee)-0.0031(L~ -3 fPee)/ 

u [B(Ki + 7r”ee)SL +(9xlO”)B(K,O -+ nOee)Ss]f 
04) 

Equation 24 is the main result of this section. In evaluating 
Equation 24, we have assumed sensitivities for the KL and Ks 
experiments of Ss = lo-11 and SL = 10-13. These sensitivities were 
adopted as goals by our working group because they are necessary 
for a serious attack on the problem of CP violation in KL-+nOee, and 
because they appear to be feasible. 

Figure 4 shows the variation for the predicted branching ratio 
for KL-+noee as a function of the parameter i and the top quark 
mass. Figure 5 shows the statistical significance (no) as a function 

of i and the top quark mass. We see that, with the assumed 
sensitvities, direct CP violation could be established over the 
majority of the parameter space. Theoretical input on the sign of i 
would be very helpful. 

3.4. Detector Requirements for KL+ noe+e- 
The detector requirements we describe here are based on the 

physics goal of achieving a lo-13 sensitivity for the KL-+ noe+e- 
decay modes using the Main Injector. A generic neutral kaon 
apparatus is shown in Figure 1. As mentioned in previous 
articles’), the rates in the detector are very high, e.g. hottest wire 
with a pitch of 3 mm has a rate of 660 kHz. We also need a 
hermetic and fast detector to reject backgrounds which are 
discussed in detail for the Tevatron experiment E799 in Reference 
18 and briefly for the Main Injector in the next section. 

High Rate Chambers. For large scale (> lm x lm) high rate 
chambers, several groups from existing rare decay experiments at 
BNL, KEK and Los Alamos have demonstrated what is presently 
achievable. The 1 mm pitch PWC with CF4 + isobutane gas used in 
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the Los Alar LOS MEGA experiment could withstand up to 10 
MHz/wire. 

High Rate Photon Veto Counters. As was discussed in Section 
2.2.3, the bes candidate in terms of performance per price seems 
to be the Pb-scintillation fiber calorimeter 10). 

Transition Radiation Detector. The TRD design requirements 
of speed and minimal integrated radiation length can be 
simultaneously met with a fine sampling system first suggested by 
Dolgosheint9). A fine sampling system makes optimal use of the 
radiator material, which dominates the total radiation length of the 
TRD system. Existing TRD systems 20) which provide a pion rejection 
of xl00 at high electron efficiency typically require 5.8% of a 
radiation length to do so. A fine sampling system can deliver the 
same pion reiection with only 2.3% (see below) of a radiation 
length. In addition, an optimal fine sampling system has narrow 
xenon gas gaps, which allow faster charge collection times. Charge 
collection times in conventional systems are between 300 ns and 
2000 ns, which is far too long for the expected rate. Such a fine 
sampling system may be realized in practice by taking advantage of 
the now mature straw tube technology. The model detector that we 
studied had the following properties: each of the two TRD systems, 
(up-stream and down-stream of the analysis magnet), is built from 
9000 4 mm diameter mylar/conductive-polycarbonate tubes with 
30 micron ~~11s spanning the 3 m gap aperture of the chamber. 
The tubes are arranged in 10 planes, with polypropylene fiber 
radiator material upstream of every detector plane. The tubes in 
each plane are staggered with a 3.3 mm pitch, and each plane is 
staggered by half a cell with respect to adjacent planes. 

This system should provide: 
1. A x/e rejection of better than xl00 at high electron 

efficiency (90%) for particle momenta between 2 and 30 GeV/c. 
2. Charge collection times of 30-50 ns for the 2 mm drift 

through fast xenon mixtures 7-l) such as 80/10/10% Xe/CF4/C2H2. 
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At a maximal charged particle rate of 660 kHz this implies a 
maximal occupancy of a few percent. 

3. The system that we simulated had a relatively simple 
readout: if greater than 4 of the 10 tubes traversed had signal over 
threshold (4 keV), then the track was tagged as an electron. This 
simple criteria provided a n/e rejection always over xl00 at an 
electron efficiency of 90%. 

4. The total amount of material length including radiator, 
tubes and gas was between 2.2% and 2.5% of a radiation length. 

5. No significant variation of rc/e rejection was seen vs. track 
position across the aperture of the chamber. Hence the tube 
staggering solved this problem well. 

3.5. Backgrounds to KL+nOe+e- 
We estimated the major backgrounds expected for KL+nOe+e- 

decay at the Main Injector. These are KL+e+e-y+yac,, KL+zevy+yacc, 
and KL-+zev+2yacc, where pions are mis-identified as electrons, and 
yacc is an accidental photon hitting the electromagnetic calorimeter. 

The background level is calculated by : 

BGL = BR x (n/e)‘= x R, x At x Acc(bkg) 

Acc(signal) 

where BR is the branching ratio of the decay involved, (n/e) is the 
pion rejection factor, #n is the number of pions in the decay, R y is 

the accidental photon rate, At is the time resolution of the detector, 
Acc(bkg) and Acc(signal) are the acceptance of the background and 
signal events. 

We assumed the standard detector for the Main Injectorl), 
with an elecrromagnetic calorimeter resolution of 3%/a , and a 
momentum resolution of 1%. The selection criteria were : 

a) 4 clusters with >I GeV each in the calorimeter. 
b) no particles outside the calorimeter (perfect photon vetos) 
c) lmrrm+l < 5 MeV/c2 (20) 

d) /qeWmKl -C 7.5 MeV/c2 (20) 
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e) Pth 45 (MeV/c)2 (40) where Pt2 is the transverse 
momentum square of eey/ system with respect to the kaon 

f) me,>150 MeV/c2 to reject xc Dalitz decay 

g) ~II=.,~< 480 MeV/c2(for the mass combination closer to mK 

to suppress kaon Dalitz decay 
h) EK>l5 GeV. 

We generated kaons between 5 GeV and 50 GeV, and decays 
between 25 m and 45 m from the target, for both signal and 
background events. Since we generated kaons below 15 GeV, 
Acc(signa1) is 3.3%, whereas it is actually 13% if kaons only above 
15 GeV are considered. 

We considered accidental photons from KL-+ 37to whit h 
decayed between the target and the calorimeter with EK=l GeV to 

50 GeV and normalized to the standard instantaneous kaon decay 
rate of 33 MHz (15 GeV < E < 50 GeV, 25m < z < 45m). The rate of 
having one (two) or more photons >l GeV in the calorimeter 
without hitting the photon veto system downstream of the beam 
dump was 21 MHz (14 MHz). Most of these decays occurred at the 
last part of the beam dump or near the electromagnetic calorimeter, 
where all the photons which did not hit the calorimeter either hit 
the beam dump or escaped down the beam hole. 

The background acceptances were found by overlaying a 
kaon decay event with an accidental photon event. The Acc(bkg)‘s 
were : A(K,-+e+e-y+y,c,) =7.7x10-10, A(KL+rtevy+yacc) < 1.4x10-6 (9O%CL), 
and A(KL+rcev+2yacc) = 1.4x10-5 The first acceptance is small because 
of the meey cut. The background levels are summarized in Table 6 

using; (x/e)=10m5, and At=lns . 
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Table 6. Backgrounds to KL+nae+e- 

Background BR #x Ry Acc(bkg) BGL 

KL+e+e-y+y,, 1.7x10-5 0 21MHz 7.7x10-10 8.3x10-15 

KL+xevy+y,cc 1.9x10-2 1 21MHz < 1.4x10-6 < 1.7x10-13 

KL-+rrev+2yacc 0.39 1 14MHz 1.4x10-5 2.3x10-11 

The largest background is Ke3 with two accidental photons, 

and even if we put photon veto counters at the end of the beam 
dump and veto 31~0 decays in the beam dump, the background level 
only goes down to 9 x 10-12. In addition, if we veto on accidental 
photons down the beam hole (this could be done by having several 
layers of photon vetoes with a beam hole at the downstream of the 
calorimeter), we are left with one event where 4 photons from 37ro 

decay were going backward in the lab. This corresponds to a 
background level of 1x10-12, which is still 10 times larger than the 
sensitivity we would like to achieve. 

The conclusion of the background study is therefore: 

1. We need a photon veto counter at the end of the beam 
dump to veto 3x0 decays. 

2. We need a photon veto downstream of the calorimeter 
beam hole to veto 37~0 decays near the calorimeter. 

3. The product of the rc/e rejection factor and the time 

resolution of the detector should be smaller than 10-h ns. 

4. SEARCHING FOR KL--~ pe 
4.1. Introduction 

Some of the attempts to replace the Standard Model with 
more satisfactory theories (such as Supersymmetry, Technicolor, 
GUTS or E6 models) result in predictions that lepton flavor 
(separate lepton number) is not absolutely conserved. A new 
generation of experiments is underway to study decays in which 
lepton flavor conservation might be violated, such as KL+ yfeT, 
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K++ n+p+e-, p --f ey, p -+ eee, and p-A + e-A. Since the form of a 

lepton number violating interaction is unknown, it is useful to 
probe all of these decays, and perhaps decays of B and D mesons, to 
whatever level is technically feasible. However, here we 
concentrate on the decay KL+ u*eS. 

The three most recent experiments on this process have been 
E780 at BNLxk), E791 at BNL23), and El37 at KEK24), which currently 
report (90% C.L.) upper limits on the branching fraction of 
1.9 x 10-9, 2.2 x 10-10, and 4.3 x lo-10 respectively. While E780 is 
complete, the other two experiments are in the process of collecting 
larger samples and a combined sensitivity of about 2 x lo-11 is 
likely (by sensitivity we mean the branching fraction which would 
produce one observed event). Any new experiment should aim at a 
sensitivity of 10-13: There are several places which might offer a 
suitable beam: the BNL AGS with the Booster (and the planned 
Stretcher), the Fermilab Main Injector, and the TRIUMF KAON 
facility. While the Main Injector is not planned to have as intense a 
beam as the other facilities, its higher energy boosts the kaon 
spectrum so that more particles are in the useful momentum range. 

Attempting to reach a sensitivity of lo-13 makes many 
demands and it is clear that improvements in technology are 
needed. A detailed consideration of many aspects of a Main 
Injector experiment on KL+ $eT is given by Heinson et al. in the 
report of the 1989 Workshop on Physics at the Main Injectorzs). 
Here we review some general points. 

4.2. Sensitivity 
This is determined by the product of several basic factors. 

We list them below, using typical values for a beam at the Main 
Injector (production energy of 120 GeV, solid angle of 36 ustr, 
3 x lOI3 protons on target). 

KL decays in 20 m decay volume: 2.5 x IOtl/hr 
Acceptance: 10% of KL-+ $er decays in the decay volume 
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Data-taking time: 4000 hours 
Experimt ntal efficiency: 0.25 

This would ret~ult in the observation of 2.5 x 1013 decays, so that an 
upper limit o,f lo-13 is possible, if background and rate-related 
problems can be solved. 

4.3. Rates 
Even if the beam quality is excellent so that most of the rate 

in the detectors comes from KL decays, rates will be high enough to 
require new technologies. An apparatus with large acceptance for 
KL+ ue will also have a large (e.g. 60%) acceptance for single 
charged particles from KL decays. At the beam intensity envisaged, 
KL decays alc.ne will give rates of 50 - 100 MHz in the detectors. 
Also, the rate of accidental coincidences of a muon from KL-+ rruv 
and an electron from KL-+rrev will be of the order of 1 MHz, given a 
resolving time of 10 ns. Additional ue events will come from KL-+ 
rrev, followed by rt decay in flight, at a rate of 250 kHz. This 

presents challenges to detector, trigger, and pattern recognition 
technologies. All these problems can be ameliorated by a Stretcher 
ring to provide up to 80% duty factor. It is assumed that the beam 
is de-bunched before extraction from the Main Injector. 

4.4 Backgrounds 
4.4.1. & -+ rcev followed bv n + uv decay in flight. This can be 

minimized by reducing the length of the decay volume, and 
rejected by careful reconstruction of the event. Reducing the path 
length available for rr decay also reduces, in the conventional 

approach, the decay volume for kaon decay so this is not a useful 
approach. (In a proposed solenoidal geometry26), this conflict does 
not occur.) In this sequence of decays, the minimum energy of the 
neutrinos in the kaon CM is 8.4 MeV/c2, so the invariant mass of 
the ue has a maximum value of mK - 8.4 MeV/ca. 
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Experiments thus rely on reconstructing the invariant mass of 
the ue pair to reject this background. The invariant mass of the 
pair is m = prp282, where pt. pa are the measured momenta and 8 is 

the opening angle. If we consider an apparatus consisting of 
position-measuring devices (e.g. drift chambers), precision ox, 

separated by space length I, and a ratio of thickness to radiation 
length of I&ad followed by a dipole giving a transverse impulse of 
Ap, the mass tesolution at the kaon mass is given by: 

[+?z&[;+~~]+$&[2+;$] (26) 

where pms = 14 MeV/c. For other geometries the numerical factors 

will change, but remain of order l/4 - 2. Thus the mass resolution 
has a term which depends on pK and ox, and another which 
depends on the ratio of multiple scattering to magnetic field. 
Values for E791 are ox = 0.1 mm, I = 1.5 m, pK = 4 - 16 GeV/c, Ap = 

0.3 GeV/c, and L/LrBd = 10-3. With those values, the average mass 
resolution is 1.4 MeVlc2, and the two terms in the above 
expression are equal at 8 GeV/c. 

With this resolution, a Monte Carlo simulation indicates a 
background at or below the lo-13 level; however, the E791 
experience does not follow the simulation25) and has more 
background at high mass by a factor of up to 10. This may be due 
to inaccuracies in the magnetic field or non-gaussian shapes for 
resolution functions. Presumably, these problems can be resolved 
in a future experiment by technical improvements. It should be 
noted that a dependable way of improving the shape of a resolution 
function is to make multiple measurements. Typically, decreasing 
ox in this way increases L&ad, so this needs careful study. 

4.4.2. Accidental coincidences of Kr -+Kev and KI.+nuv. This is also 
dealt with by reconstructing the event, making sure that the two 
tracks come from a common vertex, have low transverse 



29 

momentum relative to the kaon momentum, and the correct 
invariant mass. Good timing resolution in the trigger and offline is 
also important. De-bunching of the Main Injector extracted beam is 
extremely important. The proposal for E791 used a time resolution 
of 2 ns and determined that this would cause a background of 8 
events at a sensitivity of lo-12 and a beam of 10’3 protons/spill. 
This background goes as the square of the rate of KL decays, which 
are higher at the proposed Main Injector KL beams. Rejection is 
difficult; one method is to reject events with an additional track 
pointing to the ‘vertex,’ or indeed any additional track. 

4.4.3. Double mis-identification. This refers to KL + xev decay, with 
double mis-identification of the particles (n as e, e as u). If the ‘e’ 
has a higher momentum than the ‘u’, this can result in a 
reconstructed mass at the kaon mass. This is reduced by good 
particle identification and by a cut on (p, - p,) / (p, + p,). Retaining 
events with this parameter < 0.25 will reject almost all double mis- 
identified events with mass greater than 0.490 GeV/c2, whi,le 
retaining 90% of ue events. Without this cut, the particle 
identification must reduce the likelihood of double mis- 
identification to 10-9 or better. 

4.4.4. Events from beam-gas interactions. The experience of E791 
suggests that events causing a ue trigger are multiple-pion 
production events. They can reconstruct to any invariant mass. 
Maintaining an excellent vacuum in the decay volume (0.1 mTorr), 
and having good particle identification will reduce these events 
adequately. 

4.5. Geometry and Event Selection 
The conventional geometry is a two-arm spectrometer, with 

two magnets in each arm to measure the momentum twice, 
discriminating against decays in flight and improving the 
measurement. In BNL E791 the bends are in opposite directions 
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and of magnitltde Ap = 0.3 GeV/c, so that both signs of particles are 

accepted in either arm. In KEK El37 the bends are in the same 
direction with a total Ap = 0.22 GeV/c. This allows a trigger based 
on the particles being parallel to the beam, but means that only one 
sign of particle is accepted in each side, cutting the acceptance in 
half. The advantage of this trigger is that it discriminates well 
against KL+nev events, by a factor of 15 or more. In BNL E791 
this discrimination is done in an on-line processor (Level 3), 
although an existing hardware processor (Level 2) can give a factor 
of three reduction. The advantage of the E791 arrangement is 
better momentum resolution, useful for higher kaon momentum. 

Another, arrangement might be an asymmetrical one, with 
opposite bends of 0.44 GeV/c and 0.22 GeV/c, to allow a parallel to 
beam trigger with its consequent reduction of computing 
requirements. 

4.6. Particle Identification 
Particle identification is usually done twice, with one method 

used in the trigger. Electrons can be identified with gas Cerenkov 
counters, TRDs and total-absorption shower detectors. Muons are 
identified by having a long range and small scattering in matter; 
detailed correspondence between the range and momentum can 
also be used. In the case of both BNL E791 and KEK E173, Cerenkov 
counters and lead-glass shower counters were used to identify 
electrons, and a minimum range requirement was used for muons 
(this requirement was not stringent enough to reject pion decays in 
flight). Cerenkov counters give a fast signal, but the length 
necessary for good efficiency goes as the square of the desired pion 
threshold momentum. 

For example, for a pion threshold of 8 GeV/c, 3 m of gas of the 
appropriate refractive index is needed. Assuming that it is 
satisfactory to reject all particles above 10 GeV/c at the Main 
Injector, a length of 4.7 m would be needed to have this as the pion 
threshold. A fast TRD that could be used in a short-resolving-time 
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trigger would be a compact alternative and would be useful in on- 
or off-line processing. 

For the shower counters, lead glass is not acceptable because 
of radiation damage; other materials must be used (see section 
2.2.3). 

There are two particle identification problems: rejecting pions 
masquerading as muons to reduce background from K~+nev , and 

rejecting pions imitating electrons and electrons imitating muons to 
reduce the double misidentification background. In the first case, 
pion decays in flight are the main source of mis-identification; 
about 5% decay in flight in E791. Matching the range to the 
momentum to about 10% can reduce this by a factor of five. 

In the second case, KEK El37 has the following particle 
identification figures: for a pion imitating an electron, about 1% in 
two detectors (gas Cerenkov counters and lead glass counters); and 
for an electron imitating a muon in the electron detectors, about I%, 
and in the muon detector about 10-3. So the overall double mis- 
identification probability is 10-9. At the Main Injector, accidentals 
reduce this rejection somewhat, making a TRD necessary. 

4.7. Computing Power and Pattern Recognition 
Estimated computing needs for online and offline processing 

are in range of 1,000 MIPS; this will likely be available at the time 
an experiment is mounted. 

In BNL E791, pattern recognition was a significant problem, 
since single rates in the drift chambers were high and the number 
of planes used was close to the minimum needed for reconstruction. 
For a Main Injector experiment, pattern recognition will need to be 
improved by redundancy of position measurement while 
minimizing the increased multiple scattering. Increased on-line 
processing power will also be needed to incorporate more detailed 
algorithms than were used in E791. 
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4.8. Conclusicn on KL + u*e7 
A KL +uL+eT experiment at the Main Injector is worth further 

study. The Main Injector has advantages over lower energy 
machines, particularly because more of the kaons produced are in a 
useful momentum range. Aspects that need study are control of 
the tails of the mass resolution, particle identification and improved 
pattern recognition in a high rate environment, if a sensitivity of 
lo-13 is to be reached. 

5. FUTURE OPTIONS 
During this Workshop a proposal”‘) was made to add a 

stretcher ring to the Main Injector. This would be a second 
synchrotron ring located in the Main Injector tunnel operating DC at 
120 GeV. The advantage of this scheme is nearly 100% slow spill 
duty factor versus 30% duty factor in the standard upgrade plan. 
Also, by removing the 1 second slow spill period from the Main 
Injector cycle this increases the number of protons available by 
50%. There was also some discussion of a prebooster ring which 
could increase the available flux by a factor of 8. 

Improved duty cycle is a verv valuable feature for all 
experiments considered. The E’/E and KL+ue experiments could 
make excellent use of 1014 protons per second. The KL-trcOee 

experiment (accidental limited) could go to a smaller beam hole 
(improved acceptance). Improvements in flux by going to energies 
lower than 120 GeV are not desirable.1) 

6. CONCLUSIONS 
We have considered a variety of physics, beam and detector 

issues for the next generation of rare kaon decay studies and we 
believe that substantial progress was made on a number of issues. 
There is still a great deal of work to be done before viable 
proposals can be generated; nevertheless, we find the outlook for 
incisive experiments in this domain at Fermilab to be superb. 
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There is a great deal of interest in the community for such 
experiments which address fundamental issues in our field. Given 
the proper level of support from the funding agencies and from the 
Laboratory, an excellent program could be carried out. 

The outlook can be summarized in the following “conclusions” 
from our working group: 

1. E731 should determine E’/E with a precision of 7 x 10-4 

from the analysis of its full data set. If the result is still consistent 
with zero, then an upgraded Tevatron experiment could reach a 
precision of about 3 x 10-4. 

2. It appears that the Main Injector would allow an E’/E 
determination at the level of about 0.6 x 10-4. Very clean, well- 
collimated beams could be constructed, thereby significantly 
reducing systematic uncertainty. 

3. The CPT violating parameter @on - $I+- will be determined to 
a precision of about 0.50 in E773. At the Main Injector, an 
experrment with a precision of 0.10 could be carried out. In 
addition, $+- itself can be measured to similar precision; this is also 
an important CPT test. 

4. The mode KL-+rcee+e- could be seen in E799 if its branching 
ratio is larger than about 10-11. For studies of the possible direct 
CP violating component of this decay, an experiment at the level of 
1 O-12 or lo-‘3 will be required if found as predicted by the 
Standard Model. It is necessary to search for Ks+rrse+e- at the 1011 
level, and this could be carried out at the Tevatron. In addition, the 
branching ratio for K~+n@yy needs to be measured and this should 

be done in E799. It is desirable to isolate the direct CP violating 
effect without doing an interference experiment because of the 
very high level of accidental photons in the detector when it is 
situated close to the production target. Even in the KL 
configuration, a great deal of attention needs to be paid to the issue 
of accidentals. 
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5. BNL and KEK should be able to determine the possible 
KL + pe brattc- hing ratio with a sensitivity of 10-11. An extension of 

this sensitivity by a factor of 100 appears possible at the Main 
Injector. 

6. Candidates for the electromagnetic calorimeter for such 
rare decay experiments were considered and their response 
simulated with the program EGGS. BaF2 and PbF2 appear to be the 
best choices. 

7. A stretcher ring, which would improve the duty cycle for 
the beam extracted from the Main Injector by a factor of about 3, 
would be desirable for all of the considered experiments because of 
the instantaneous rate in the detector. 

8. A prebooster ring that would increase the available flux by 
another facto, of 8 would allow much more flexibility; more 
experiments might run simultaneously and cleaner beams could be 
built. Experiments on the 2n and ue modes, which may not be 
intensity-limited, could be improved to take advantage of the 
additional flux, 
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Figure 2. BaF2 Calorimeter 
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